The availability of the complete sequence of Escherichia coli strain MG1655 provides the first opportunity to assess the overall impact of horizontal genetic transfer on the evolution of bacterial genomes. We found that 755 of 4,288 ORFs (547.8 kb) have been introduced into the E. coli genome in at least 234 lateral transfer events since this species diverged from the Salmonella lineage 100 million years (Myr) ago. The average age of introduced genes was 14.4 Myr, yielding a rate of transfer 16 kb͞Myr͞lineage since divergence. Although most of the acquired genes subsequently were deleted, the sequences that have persisted (Ϸ18% of the current chromosome) have conferred properties permitting E. coli to explore otherwise unreachable ecological niches.
The lack of complex morphological characteristics and a robust fossil record have impeded efforts to understand the processes mediating differentiation and speciation in prokaryotes. Although vast numbers of mutations are introduced into bacterial populations in each generation, it is difficult to account for the ability of bacteria to respond to new selection pressures and to exploit new environments by the accumulation of point mutations alone; for example, no phenotype distinguishing the closely related taxa Escherichia coli and Salmonella enterica can be attributed to point mutational processes. Hence, the rapid adaptation of bacteria to novel environments often is ascribed to genes acquired through horizontal, interspecific gene transfer (1) . Transferred sequences have a large impact on bacterial evolution; for example, the incorporation of a DNA fragment conferring virulence characteristics can transform a benign strain of E. coli into a pathogen in a single step (2) (3) (4) , and the conversion from antibiotic sensitivity to resistance typically is caused by the acquisition of sequences rather than by the point mutational evolution of existing genes (5) .
Horizontal transfer, even at very low levels, produces a mosaic chromosome comprised of genes of differing ancestries and durations in the genome. In some cases, it is possible to establish the evolutionary history of a gene by examining its distribution among several related bacteria; if a gene is confined to one taxon or species, it is more likely to have been acquired through gene transfer than to have been lost independently from multiple lineages. This phylogenetic approach has yielded evidence that several genes, including those constituting the lac operon, arose in E. coli through horizontal transfer (6, 7) .
The DNA sequence of the gene itself also can provide clues to its origin and ancestry within a genome. Bacterial species display wide variation in overall GC content, but the genes within a particular species' genome are fairly similar in base composition and patterns of codon usage (8) (9) (10) (11) . Consequently, sequences that are new to a bacterial genome, i.e., those introduced through horizontal transfer, often bear unusual sequence characteristics and thus can be distinguished from ancestral DNA. Evidence that base composition and codon usage patterns are reliable indicators of horizontal transfer has come from comparative analyses of the Escherichia coli and Salmonella enterica chromosomes (7, (12) (13) (14) . The vast majority of genes confined to only one of these two enteric species, such as those responsible for coenzyme B 12 biosynthesis (cbi͞cob), citrate utilization (tct), and host cell recognition and invasion (inv͞spa) of Salmonella, and lactose (lac) and phosphonate (phn) utilization in E. coli, have anomalous nucleotide compositions and do not use the synonymous codons typically used by these species.
Although each of these cases exemplifies the potential role of horizontal genetic transfer in shaping the character of bacterial species, quantification of the total contribution of horizontal transfer on bacterial evolution has been difficult. To establish the overall contribution of horizontal transfer in the evolution of bacterial chromosomes, it is necessary to have (i) means of identifying all of the horizontally transferred sequences from a complete genomic sequence and (ii) methods of estimating the age of genes since their introduction into a genome. By analyzing the complete nucleotide sequence of the E. coli genome, the present study provides the first accurate appraisal of the rate of horizontal transfer on an evolutionary timescale, its effects on the organization of a bacterial genome, and its role in bacterial diversification and speciation.
MATERIALS AND METHODS
From the complete sequence of E. coli strain MG1655 (15) , protein coding regions initially were identified as atypical if their GC contents at first and third codon positions were two or more SEs higher or lower than the respective means for all genes in the genome. We also plotted the 2 of codon usage for each gene-which assesses the degree of bias in the use of synonymous codons vs. the expectation based on nucleotide composition of codon positions-against its Codon Adaptation Index, which measures the degree of bias toward the subset of codons used by highly expressed genes in E. coli (16, 17) . From this plot, it is possible to recognize genes whose atypical base composition results from the prevalence of codons preferentially used by E. coli and to identify genes transferred into E. coli from organisms of similar base composition but of very different codon usage patterns. (Because these genes use codons not used by E. coli and do not use codons preferred by E. coli, they show a strong bias in codon usage but a low Codon Adaptation Index.) Next, we determined whether ORFs were situated at a specific chromosomal position containing other horizontally transferred sequences, which is indicative of acquisition in a single transfer event. This would recognize, for example, otherwise typical genes within a translationally coupled operon of horizontally transferred sequences.
The list of horizontally transferred genes recovered by these procedures then was examined to identify known native genes that exhibit atypical base compositions for other reasons, such as the amino acid content of the encoded protein. For example, the prevalence of lysine residues in certain ribosomal proteins contributes to the uncharacteristically low GC contents of the coding sequences. Finally, a BLAST search (18) was performed on all ORFs to detect similarities with genes of closely related species. The list of the horizontally transferred genes in E. coli MG1655 detected by these procedures is available at ftp:͞͞ ftp.pitt.edu͞dept͞biology͞lawrence͞.
RESULTS AND DISCUSSION
The Amount of Horizontally Transferred DNA in E. coli. The complete 4,639,221-bp sequence of the chromosome of E. coli strain MG1655 has been resolved (15) , and our analysis indicated that 755 (17.6%) of the 4288 ORFs in the genome originated through horizontal gene transfer. Although similar to previous estimates based on limited portions of the E. coli chromosome (7, 13, 14) , this value represents the minimum amount of DNA acquired through transfer because it does not include sequences obtained from organisms with nucleotide compositions and codon usage patterns closely resembling those of E. coli. These 755 horizontally transferred genes constitute 547.8 kb of DNA and were introduced into the E. coli genome in at least 234 events. Although the phenotypes provided by the majority of these genes are unknown, some of the loci with characterized functions are noted in Fig. 1 .
Distribution of Horizontally Transferred DNA Within the E. coli Chromosome. Among strains of E. coli, the segment surrounding the replication terminus displays the most variation in chromosome size and organization, presumably because of elevated levels of recombination in that region (19) . The quadrant of the E. coli MG1655 chromosome spanning the replication terminus (minutes 23-47) has experienced a substantially higher number of horizontal transfer events (36% of the 755 events) than has the remainder of the genome, and it also contains the largest amount of horizontally transferred DNA, due principally to the presence of three prophages.
Horizontally transferred genes in the E. coli chromosome often are situated adjacent to a tRNA locus (Fig. 1) , which implicates bacteriophages as vehicles for their introduction because several lysogenic coliphages insert preferentially at tRNA loci (20) (21) (22) . Although tRNA genes are known to serve sporadically as chromosomal insertion sites in bacterial taxa as diverse as Corynebacterium (23) , Dichelobacter (24), Haemophilus (25) , Helicobacter (26) , Mycobacterium (27) , Pseudomonas (28) , Rhizobium (29) , Salmonella (30) , and Yersinia (31), the extent of their use as integration sites in E. coli is unexpected. For the majority of transfer events occurring at tRNA loci in the E. coli MG1655 chromosome, there are no remnants of phage-like sequences; however, ORFs corresponding to phage Sf6 and P4 integrases occur immediately downstream of the tRNA argW and tRNA leuX loci, respectively. The leuX locus also has served as the integration site for a 190-kb pathogenicity island detected in a uropathogenic strain of E. coli (32, 33) .
Inspection of Fig. 1 demonstrates that 25 of the 37 (68%) IS sequences in this strain are associated with other horizontally transferred DNA, which constitutes only 11% of total chromosome length. This distribution could mean (i) that IS elements are introduced along with horizontally transferred segments, (ii) that the present positions of IS elements in Amelioration of Horizontally Transferred Genes. Variation in base composition and codon usage patterns among bacterial species (which serves as the basis for identifying horizontally transferred genes) is due largely to biases in the mutation rates at each of the four bases, such that the frequency of G͞C to A͞T mutations is not same as that of the reverse mutations. These mutational biases, termed ''directional mutation pressure'' by Sueoka (34) (35) (36) , vary between species and are apparent in the base composition at each position of codons; the differences in base composition among bacterial species are most pronounced at third codon positions, where the majority of sites are synonymous and closely approximate neutral substitutions.
At the time of introduction, horizontally transferred genes have the base composition and codon usage pattern of the donor genome. But because transferred genes are subject to those mutational processes affecting the recipient genome, the acquired sequences will incur substitutions and eventually come to reflect the DNA composition of the new genome. This process of ''amelioration''-whereby a sequence adjusts to the base composition and codon usage of the resident genome-is a function of the relative rate of G͞C to A͞T mutations. Based on substitution rates estimated for E. coli and the mutational bias of this species, it is possible to predict the amount of time required after transfer for a transferred gene to fully resemble native DNA. And because the first, second, and third position of codons are subject to different selective constraints, the nucleotide composition at each position of horizontally transferred genes ameliorates at a characteristic rate (16) .
Variation in the rate of amelioration at each codon position furnishes a property unique to horizontally transferred genes and allows us to estimate the amount of time the gene has been residing in a genome. Whereas recently transferred genes show the patterns of nucleotide composition typical of the donor genome, and fully ameliorated genes show the nucleotide compositions of the recipient E. coli genome, the nucleotide compositions of genes in the process of amelioration do not resemble those of either the donor or recipient genomes. Moreover, because the nucleotide compositions of bacterial genomes result from characteristic patterns of mutations (16, 37) , genes in the process of amelioration do not resemble any genome. Because of these mutational processes, the GC content of each codon position of horizontally transferred genes can be ''back-ameliorated'' until the base compositions at all codon positions fit those typically observed in a bacterial species (16) . This permits one to estimate of the amount of time that a horizontally transferred gene has been ameliorating (i.e., residing) in the genome and hence provides the age of acquired sequences.
Rate of Horizontal Transfer in E. coli. To determine the age of acquired genes in the E. coli MG1655 genome, the 755 genes identified as having been transferred horizontally were sorted into 108 groups based on their GC contents at each codon position. [Genes at the same chromosomal location were sorted into different pools if their nucleotide compositions were sufficiently different to indicate independent origin. For example, the lacI and lacZ genes (Ϸ56% GC) are not pooled with the lacYA genes (Ϸ43% GC) because this gene cluster evidently was assembled from independent sources.] Each of these pools was subjected to reverse amelioration analysis with the use of the substitution rates at synonymous and nonsynonymous sites determined for E. coli (16) .
Divergence at synonymous and nonsynonymous sites have been calculated as 94% and 3.9%, respectively (38) , which, on the assumption of a divergence time between E. coli and S. enterica of 100 million years (Myr) (39, 40) , correspond to rates of 0.47% and 0.0195% per Myr per lineage. Estimates of amelioration rates and durations in the chromosome assume that transferred genes are evolving at the same average rate as are the rest of the genes in the E. coli genome. Highly expressed genes providing essential functions show reduced rates of evolution at both nonsynonymous (because of selection on protein function) and synonymous (because of selection on codon usage) sites. However, horizontally transferred genes would not specify essential functions and are not expected to be highly expressed; therefore, evolution at synonymous sites is not likely to be constrained by selection on codon usage bias. Although it is possible that horizontally transferred genes are under relaxed selection for function-which would increase substitution rates at nonsynonymous sites-allowance for reasonably accelerated rates of evolution resulting from relaxed selection does not significantly alter the results. Therefore, these parameters, as derived by Sharp (38) , provide a suitable estimate of the rate of evolution of horizontally transferred DNA.
Based on the degree of amelioration, the oldest horizontally transferred genes in the E. coli genome were acquired nearly 100 Myr ago, just after the estimated time of divergence of E. coli and S. enterica; however, most of the transferred DNA has a relatively recent origin in the E. coli chromosome (Fig. 2) . Given this distribution, the average age of horizontally transferred genes is 6.7 Myr, which, to a first approximation, yields a rate of accumulation of 64.2 kb͞Myr. However, much of the very recently acquired DNA includes IS elements, remnants of FIG. 2. Age distribution of horizontally transferred DNA in the E. coli MG1655 chromosome. Bars represent the amount of proteincoding, horizontally transferred DNA of the specified age present in the 571 genes analyzed by back amelioration. The remaining 184 genes could not be successfully analyzed because of aberrant nucleotide compositions, which could result from horizontal transfer among more than one genome; most of the genes comprising this group are encoded by prophages and mobile genetic elements.
Evolution: Lawrence et al. Proc. Natl. Acad. Sci. USA 95 (1998) prophages, and other sequences that are unlikely to contain genes that are directly advantageous to the host. Also, the age distribution of introduced sequences in E. coli MG1655 also suggests that very few acquired genes are maintained for more than 10 Myr (Fig. 2) . Exclusion of such recently acquired sequences, i.e., sequences present for Ͻ1 Myr, yields an the average age of horizontally transferred genes of 14.4 Myr. Given the total amount of acquired DNA in the E. coli MG1655 genome, these data predict that horizontally transferred genes have been accumulating at a rate of 16 kb͞Myr. Therefore, E. coli chromosome has gained Ϸ1,600 kb of novel genes through horizontal transfer since diverging from Salmonella enterica Ϸ100 Myr ago. Although chromosome size in natural isolates of E. coli can vary by as much as 1,000 kb (41) (42) (43) (44) , the E. coli genome has not been steadily increasing in size because chromosome lengths are conserved in E. coli and S. enterica. This implies that, on an evolutionary timescale, increases in genome size due to the acquisition of horizontally transferred sequences are offset by equivalent losses of DNA through deletion. Unlike ancestral genes, most acquired sequences do not confer a long term selective advantage to the host and are, consequently, likely to be lost by deletion. These processes result in an extremely dynamic genome in which substantial amounts of DNA are introduced into (and deleted from) a chromosome, which may effectively change the ecological and pathogenic character of a bacterial species.
Three age classes of horizontally transferred genes are noted in Fig. 1 . The age assigned to a horizontally transferred segment reflects the average of its constituent genes; and in almost all cases, the ages of adjacent genes within a region were congruent. As suggested in Fig. 2 , most of the horizontally transferred segments are of relatively recent origin (light blue bars in Fig. 1 ); and these genes are expected to have a variable distribution among E. coli isolates. In contrast, the subset of genes showing evidence of long term amelioration (dark blue bars) are likely to be fixed in the E. coli population, and such genes may well have contributed to the differentiation of E. coli from Salmonella.
Impact of Horizontally Transferred DNA. The 1,600-kb of horizontally transferred DNA sampled by E. coli since its divergence from S. enterica has included a large number of operons that could provide novel functions immediately on introduction (45) . Although point mutations introduce Ϸ22 kb of variant DNA per Myr (16), the types of information introduced by these processes are very different. Stepwise mutational changes only rarely confer novel functions, whereas traits encoded by acquired DNA will occasionally confer the ability to explore new environments (1) . As a result, none of the phenotypic characteristics that distinguish E. coli and S. enterica are attributable to the divergence of homologous genes by mutation; instead, all of the species-specific traits derive from functions encoded by horizontally transferred genes (e.g., lactose utilization, citrate utilization, indole production, propanediol utilization) or from the loss of ancestral DNA (e.g., alkaline phosphatase). Likewise, horizontal transfer has played a significant role in the emergence of pathogenic enteric bacteria (46) , and several bacterial pathogens have acquired clusters of virulence genes that display atypical base compositions and reside at tRNA loci (47, 48) . These pathogenicity islands are not present in related nonpathogenic species and often encode determinants responsible for establishing specific interactions with a host. Therefore, our results support the hypothesis that the diversification of enteric bacteria into discrete species occurs by a very different process than that proposed for eukaryotes: Bacterial speciation is likely to be driven by a high rate of horizontal transfer, which introduces novel genes, confers beneficial phenotypic capabilities, and permits the rapid exploitation of competitive environments.
